Introduction
When adjacent digits in a digit string are touching the recognition task becomes particularly challenging. Researchers have relied upon segmenting touching digit strings into individual digits [2, 3, 4, 5, 6] .
However, improper segmentation tends to leave some of the newly separated digits with artifacts. A digit might lose a piece of a stroke to the adjacent digit or might be attached to ligature. Either way, subsequent recognition of the digit is rendered inaccurate. Furthermore, finding the precise splitting path that separates the touching digits is nontrivial.
There are many applications that require the recognition of touching digit strings, such as reading bank checks, reading tax forms and interpretation of addresses. In the mail stream there are many numeric strings -ZIP codes, street numbers, apartment and suite numbers, and PO. box numbers. An analysis of 27,619 address reveals that about 15.5% of digit strings have touching digits. 13.1% are Touching Digit Pairs (TDP) and 1.9% are Touching Digit Triples (TDT).
The holistic approach poses the problem as labeling a TDP pattern as one of 100 classes (00, 01, … 99). Another method combines two segmentation based methods [3, 9] . A multi-experts TDP recognizer combines both.
Background of Segmentation Based Methods
A survey of segmentation strategies is provided by Casey and Lecolinet [7] . Common approaches are often heuristic. While they have the advantage of efficiency, their accuracy is limited. Vertical histograms have been widely used for segmentation but are error-prone.
Another method uses the upper and lower profiles in conjunction with a set of heuristics to determine the segmentation points [4] . A segmentation path is constructed upward from the highest point on the lower profile of a numeral or downward from the lowest point in the upper profile. The approach is further refined in [5] . A graph based method has been described in [6] . This method analyzes the contours of the connected numerals. Vertically oriented edges derived from adjacent strokes form the vertices of the graph, which are potential points of segmentation. There are other methods where a recognizer is used to aid in the segmentation process [8] . Potential segmentation points are validated by submitting the resulting segments to a digit recognizer. The recognizer provides a means of quantifying thè`g oodness'' of a segmentation point, otherwise unavailable to methods using heuristics alone. However, frequent calls to a recognizer during the course of segmentation makes the process inefficient.
Holistic TDP recognizer
There are various ways in which two digits can touch, Yu [10] working on single touching, and Zhao [11] focus on the ligature that joins the digits. After analysis of TDP sample images collected from real mail pieces, we have classified TDP into 6 categories. Examples and frequency of each category are shown in Figure 1 .
Since the character recognizer chosen does not in anyway limit the holistic paradigm presented in this paper, we will describe the methodology using the GSC character recognizer [1] . The Gradient, Structural, Concavity, (GSC) features are symbolic multi-resolution features. Gradient of the image contour captures the local shape of a character. The Gradient features are extended to Structural features by encoding the relationships between strokes. Concavity features capture the global shape of characters. Features at the 3 levels, G, S, C are combined in a knearest neighbor classification method to produce a multiresolution digit recognizer. G features are the finest and the C features are the coarsest.
Several modifications are made to the GSC isolated character recognizer to support the holistic recognition of TDPs.
We use a 4x6 grid instead of the 4x4 grid used for isolated character recognition (Table 1 ). Since the pattern of concern is two characters side by side, the width of the pattern is going to be larger than the height.
If the width of the pattern is divided into three zones, it is our conjecture that the most useful features are present in the left and right zones, while the central zone merely contains the ligature that joins the two characters (Figure1). Further, given the various ways in which the joining of two characters can occur (Figure1), it is best to disregard the central portion altogether. To this purpose, we weight the contribution of different zones of the pattern to minimize the effects of the central zone. We can suppress the 3rd and 4th columns of the grid based on the observation that it carries little useful information.
Variable weights to the G, S, and C features was also experimented. Recognition rates are shown in Table 2 . Best results are achieved by giving the maximum weight to the Concavity features. Given the complex shape of the TDP pattern, this result does seem reasonable. The coarsest features are the most important. Furthermore, the computation of score de-emphasizes the 3rd and the 4th columns and emphasizes the 1st, 2nd, 5th, and 6th columns. 
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Multi-segments TDP recognizer
We combine the method described by Fenrich [9] and the method described by Shi and Govindaraju [3] . Fenrich describes a recognition aided iterative method is used. The number of digits in the numeric string is first estimated from the aspect ratio of the digit string and successive estimates are obtained by a linear regression model with high confidence are removed after each iteration. The effective contribution of the removed digits to the density of the digit string is recorded. This information is fed to a least squares linear model. By setting the density to zero (all digits are removed), the least squares equation can estimate the number of digits in the string. Connected digit components are split into required number of digits. The segmenter has a correct segmentation rate of 93.33% when the input is specified as a 5 or 9 digit ZIP Code, and is 83.03% correct when the number of digits has to be estimated.
Shi and Govindaraju describe a method of splitting digits that follows the contours of the strokes. Significant right turning points together with their opposite contour points are located to divide the contour into contour pieces. Contour pieces are then classified as belonging to one or the other digit. A vertical line bisecting the image is use as the guide. A contour piece is classified as part of the left digit if the center of mass of the piece is on the left of the line, otherwise, as part of the right digit. In most cases, the two digits have similar widths and the touching strokes lie close to the center line. Images of segmented digits may be recovered from the segments by drawing line segments from each contour point to its opposite contour point, or the modified opposite contour point if the line segment to the opposite point is too long.
TDP consists of two digits denoted as left digit and right digit. In the multi-segments method we mark segmentation points by each method. Thus we form more than one left and right image. The combination logic is as follows.
a. If the top two choices of either method matches the other then accept the result.
b. Otherwise, select the result with the higher confidence.
Multi-experts TDP recognition
A rule-based combination is used. [3] and method [9] .
a. if two of three recognizers give the same recognition result then accept the result. b. OR if a recognizer's top choice is the same as the second choice of another then accept. c. OR if the confidence of the holistic recognizer is greater than a threshold accept the result. d. OR choose the left and right digit results based on confidences of method
Experimental Results
Touching digit pairs were manually collected from postal images. 28464 TDP samples are collected from more than 200,000 USPS real mail addresses. A comparison of the holistic, multi-segments, and multiexpert methods is described in Table 3 . The holistic method outperforms the traditional segmentation based methods. And the multi-segments method which combines two of traditional segmentation based methods outperforms the individual methods. Multi-experts approach reaches 91.1% top choice correct rate. Table 4 shows the testing results across various categories of TDPs. Multi-expert method outperforms the other methods in all categories. For Multiple Points Touching category, holistic method is more than 10% higher than traditional methods.
539 TDT were collected from USPS mail stream. Table  5 shows the results. Multi-segments method is more than 3% higher than the traditional segment based methods.
Methods
Methods Described in [9] Methods Described in [3] Multi 
Summary
We have demonstrated that the holistic, multi-segments and multi-expert methods of recognizing touching digit strings are the effective approaches. The holistic method outperforms segmentation based methods. Multi-segments method outperforms the individual methods in both TDP and TDT. Multi-expert approach achieves 91.1% TDP recognition. 
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